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The family of wheel-and-axle host molecules is reviewed and the approaches to the cre-
ation of new host geometries for supramolecular materials based on weaker interactions
are discussed. The combination of bulky groups (or platforms) and spacers yields vari-
ous host geometries including humming-top molecules (Werner complexes, metal diben-
zoylmethanates and other bis-chelates, dimeric metal carboxylates and macrocyclic com-
plexes), wheel-and-axle and dumb-bell shaped molecules and their modifications, ladder-
and-platform, shish-kebab, multi-decker, stair-case and double-strand ladder-and-platform
oligomeric and polymeric structures. The host shapes are compared with cyclic and trifoil
(trityl) host types. The use of metal centers, chelating and macrocyclic ligands (8-diketones,
carboxylic acids, Schiff bases, porphyrins, phthalocyanines, corroles, annulenes and their
analogs), bridging ditopic ligands and other building elements in the engineering of host
molecules is illustrated. The role of such factors as size and nuclearity of the platforms,
rigidity/flexibility of the spacers and hydrogen bonding is discussed. The relation between
porosity and packing efficiency, predisposition to self-inclusion, parallel alignment and
interdigitation, dimensionality and secondary assembly of host molecules in the crystal is
examined. Clathration and sorption abilities and other important qualities and functionalities
of the new host materials are elucidated.

KEYWORDS: Supramolecular chemistry; crystal engineering; metal complexes; microporosity; organic zeo-
lites; weak interactions; coordination polymers; MOFs; inclusion compounds; Werner clathrates.

as a result of bulk supramolecular assembly of
molecular species into a regular structure, with

The design of soft supramolecular materials
(SSM)!—3 is a modern direction in materials sci-
ence which exploits new ideas brought forward by
supramolecular chemistry and crystal engineer-
ing.* In the focus of this paper are SSM formed
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weaker interactions governing the structure and
properties of the resulting solids. These solids
display a number of remarkable useful proper-
ties such as easy conversion from one structure to
another and active response to external stimuli.
Specifically, this review is devoted to the
design of molecular species (“host”) which will
assemble into porous structures in the pres-
ence of neutral molecules of another compo-
nent (“guest”). The resulting supramolecular
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phases, usually called “inclusion compounds” or
“clathrates,” may retain their structure, change or
collapse upon guest removal, exchange and re-
placement, depending on the stability of a host
framework.>~’ Because for the majority of known
inclusion compounds the stability of their host
frameworks is unknown, these frameworks will
be called “porous” a priori, with a special ref-
erence made to materials whose host framework
stability was deliberately studied.

Packing efficiency and inclusion phenomenon

The formation of molecular crystals follows
certain rules. Two approaching molecules tend
to adopt energetically most favorable mutual ar-
rangement defined by the balance of attractive
and repulsive forces. Optimal interatomic dis-
tances depend on the participating atoms, their
effective charge, and the type of interatomic in-
teraction. The latter varies from such specific and
local interactions as coordinative and hydrogen
bonds to universal van der Waals interactions.®®
All these forces have a potential to organize a
set of molecules into the crystal, or giant “su-
permolecule,” a special arrangement that corre-
sponds to an energetic minimum of the multi-
molecular system.

The mutual arrangement of molecules in a
crystal defines its packing efficiency expressed
quantitatively through “packing coefficient” (the
fraction of space in a given crystal occupied by
molecules represented as combinations of atomic
spheres).?®°2 Crystals based on van der Waals in-
teractions have surprisingly similar and relatively
high packing coefficients, mostly in the range of
0.65-0.77%2 with a minimal value of about 0.6.%°
The lower the ability of the molecules to pack
densely, the greater their propensity to form amor-
phous, glassy or, if suitable “guest” species avail-
able, inclusion solids. Therefore, the creation of
potentially porous molecular frameworks may be
based on the design of host molecular geometries
that do not conform with the requirement of close
packing.
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It is necessary to mention that although the
focus of this review is on the host molecules,
guest species are also active participants in the
formation of porous architectures. Different guest
species may contribute to a greater or lesser extent
to the formation of a desired architecture or may
facilitate different crystal structures, with such
factors as multi-point recognition between guest
and host'? and guest-to-host symmetry relation'!
having been traced in the literature. Moreover,
the identification of a suitable guest may help
to crystallize big irregular-shaped molecules'? or
stabilize unusual host molecular species.' ™

It seems relevant here to mention three
families of host geometries (Fig. 1). (1) Cyclic
molecules exhibit or may adopt the shape of
ring, with void space already available in the
center of the molecule. In the solid, these voids
may form individual capsules for guest species
or may combine into a system of channels. The
best known classes of cyclic host molecules are
cyclodextrins (Fig. 1a),'® calixarenes,!” cyclo-
phanes'®¢1? and cyclic peptides.?’-?! (2) “Trifoil”
molecules have three planar fragments connected
in a single point.!8%222 The simplest represen-
tative, triphenylmethane (Fig. 1b), forms guest-
free orthorhombic structure with packing coef-
ficient of 0.6.°® Alternatively, it may form an-
other, trigonal structure with voids filled by guest
species and having higher packing efficiency.’® 2
(3) The third family comprises molecules combin-
ing bulky (or planar) groups and bridging “rods.”
Typical representatives are so-called “wheel-and-
axle” host molecules;*?® (Fig. 1c) the name will
be used for the whole family in the further text.
This third family of host geometries is reviewed
in the present paper.

The family of wheel-and-axle host geometries

Basic geometries are summarized in Fig. 2.
Humming-top geometry comprises one plane pen-
etrated with one rod (Fig. 2a). The ends of the rod
may be finished with bulky or flat groups or may
contain functionalities facilitating a predefined
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Fig. 1. Representatives of cyclic (8-cyclodextrin)'® (a), trifoil (triphenylmethane)!* (b) and wheel-
and-axle (1,4-bis(2-(9-triptycyl)ethynyl)benzene)'® (c) host molecules. Space-filling models outline

van der Waals dimensions.

assembly in the crystal. Wheel-and-axle architec-
ture comprises two bulky fragments connected by
a bridging spacer (Fig. 2b,c,d). The bulky frag-
ments may have various shapes, such as wheels
(Fig. 2b), squares (“H-shaped molecules’), cones
(Fig. 2¢) or ellipsoids (“dumb-bell geometry”,
Fig. 2d). The bridging spacer may vary in shape
and be either rigid or flexible. Finally, ladder-and-

\ /

(d) (e)

Fig. 2. Typical geometries of the wheel-and-axle host family:
(a) humming-top, (b,c,d) wheel-and-axle and (e) ladder-and-
platform architectures.

platform (shish-kebab, multi-decker) architecture
comprises planar or bulky fragments threaded on
arod (Fig. 2e). The resulting molecule may be ei-
ther oligomeric or polymeric, or may be composed
of small molecules linked together by secondary
bonding.

General features of the molecules belong-
ing to the wheel-and-axle family are their in-
creased conformational rigidity and some symme-
try. These factors cut down the number of freedom
degrees of the molecules thus preventing their
close packing and facilitating the formation of
cavity space in the crystal. It should be noted that
all the molecules possess some void space near the
rod. Very often this voids combine into cavities in
the crystal although the relation between cavity
space in the crystal and the void space belonging
to a single molecule is not always evident. The
following sections describe examples and varia-
tions of the basic types schematically illustrated
in Fig. 2.

Platforms and humming-top geometries

Platforms and simple geometries of this sec-
tion serve as bulding elements in the design of
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more complex architectures (see further parts).
The platforms may be subdivided into four most
frequent types: a metal center coordinated by four
terminal ligands (in Werner complexes), metal
center chelated by two bidentate (or one tetraden-
tate) ligands, the combination of two metal centers
and four carboxylates and a metal center confined
in a macrocycle.

Werner complexes

Numerous complexes of general formula
[MX;A4] form inclusion compounds known as
“Werner clathrates.””*~2° In the formula, M is
usually referred to a M(II) cation, X stands for
a (1-) anionic ligand and A, a neutral ligand,
belongs to amines such as pyridines?* or a-
arylalkylamines.?® The inclusion in Werner com-
plexes has been studied since 1950s when its
high selectivity was reported®*?>:2” and the use
of the complexes for the separation of organic
compounds was suggested.?’

One of the simplest Werner complexes,
[Ni(NCS),Py4] (Py =pyridine),”® is shown in
Fig. 3. Four pyridine ligands in the equatorial
plane of the complex form a platform, while two
axially coordinated isothiocyanate groups form a
rod. The space around the rod and adjacent to the
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Fig. 3. Molecular structure (H-atoms are not shown) (a) and
schematic representation of the molecular shape (b) of the
[Ni(NCS),Py,] complex.?®
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Fig. 4. Schematic representation of crystal packing in the
[Ni(NCS),Py,]*2Py clathrate. Guest species are shown as
white ellipsoids.?®

platform is not large enough to accommodate a
guest molecule. However, several host molecules
may form a cavity of molecular size. In the
crystal structure of [Ni(NCS),Py4]*2Py, four host
molecules occupy four corners of a rectangular
parallelepiped to form a cage suitable for a
guest molecule (Fig. 4). This type of structure
is very common for Werner complexes with
unsubstituted pyridine; it was observed in
[M(NO;3),Py,]*2Py (M =Mg,? Mn, Co, Ni, Cu,
Zn, Cd, Hg),*® [M(NCO),Py,]*2Py (M= Mn,
Fe, Co, Ni, Cu, Zn, Cd),’"3? [M(N3),Py,]*2Py
(M=Co, Ni),”* [M(CIO4),Pys]*2Py (M =Mg,
Ni),”  [CuCl,Py4]*2Py,**  [CrBr,Py,]*2Py,*
[Mg(BH4),Pys]"2Py,* ~ [Cu(NO3),Py4]*2G
(G =benzene, tetrahydrofuran, pyridine,
chloroform),?’ [Ru(CN),Py4]*2(CH3;CN),®
[Ru(NCS),Pys]*2(CH,Clp),”  [Cr(BH,),Py4]
*2(tetrahydrofuran),*’ [TiL, Py, ]+ (13)~*
and other clathrates.*” Previously many of
these compounds were believed to comprise
hexapyridine complex cations [MPys]"" but the
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supramolecular structure with two chemically
nonbonded pyridines appears to be more
favorable.*?~44

The introduction of substituents into the
A ligand, especially in position 4, enlarges
the effective size of the platform and intensi-
fies the clathration ability of [MX,;A4] com-
plexes. The complex [Ni(NCS),(4-MePy)4] (4-
MePy = 4-methylpyridine) entraps almost any
solvent upon crystallization or contact and pro-
duces clathrates of several structural types.*> One
of the polymorphs has a 3D system of pores®
and behaves as a universal microporous sorbent.*
Physico-chemical behavior of this complex and its
Co(Il) counterpart inspired the idea of “organic
zeolites”, organically-based materials mimicking
the remarkable properties of zeolites.°

The [MX;A4] complexes can be extensively
modified by the introduction of various M, X
and A.** For example, the clathrates of com-
plexes with ~ 100 different A were reported,’*
including 4-methyl-,*%" 4-ethyl-, %4 4-vinyl-
20 4-phenyl-,>! 4-acetyl-,* 4-(N-tert-butyl-N-
oxylamino)-,’> 3-methyl- °*>* and 3,5-dimethyl-
pyridines,”® quinoline® and furopyridines.”®->’
The modifications may alter the clathrate structure
and selectivity towards certain guests but do not
destroy the clathratogenic function of the com-
plex molecule as long as its general humming-top
shape is preserved. Also, only trans-configured
complexes which display this shape were found
to form clathrates, the fact clearly indicating
the humming-top geometry as a decisive fac-
tor responsible for the clathration ability of the
[MX;A4] complexes.

Modified metal dibenzoylmethanates
and other chelates

Planar metal bis-chelate is a convenient el-
ement in the design of humming-top molecular
geometries. The axial coordination sites allow
for additional coordination of two ligands above
and below the equatorial plane of the complex
thus producing the desired shape. Modified metal

Fig. 5. Modified metal DBM.

dibenzoylmethanates (DBMs) were deliberately
created as a new host entity taking into account
the above considerations (Fig. 5).¥7% A number
of metal(Il) cations (M) and pyridines (A) were
used to produce dozens of the [M(DBM),A;]
complexes acting as hosts.

The equatorial part of the [M(DBM),;A;]
complex is rather flat. In spite of the rotational
freedom of the phenyl rings, they tend to be close
to a coplanar rather than a perpendicular position
to the equatorial plane, apparently due to some
interaction with pseudo-aromatic rings of the bis-
chelate fragment. The coordination of an axial
ligand (A) forms four shallow pockets between
the ligand and the equatorial part of the molecule.
In the crystal, some of these pockets are occupied
by phenyl or pyridyl fragments of adjacent com-
plexes. However, some pockets cannot be filled in
this way and become available for guest species
(Fig. 6a). In most cases the number of the vacant
pockets on each complex is two and the resulting
host to guest stoichiometry is 1:2. In the studied
crystal structures the pockets combine to produce
cages, channels or interlayer spaces.

The rigidity of the molecular geometry is es-
sential. The presence of fragments that can com-
pete with guest species for the vacant pockets ei-
ther weakens or destroys the clathration ability
of the complex. This possibility known as “self-
inclusion” is illustrated in Fig. 6b,c. In the com-
plex shown in Fig. 6b bulky naphthyl fragments
efficienly fill two pockets after rotating perpen-
dicular to the equatorial plane.®® In the complex
shown in Fig. 6¢ the pockets are filled with ben-
zyl fragments attached to the chelate fragments
of the complex.®* Similar situation was observed
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Fig. 6. Filling the pockets of host complexes with guest molecules in [Ni(DBM),(4-Vinylpyridine),]*
2(CH,Cl,)® (a), with naphthyl fragments in [Ni(NBM),Py,]®* (b) and with benzyl fragments in [Ni(2-
benzyl-DBM),Py,].** Space-filling models outline van der Waals dimensions; the included guests and

fragments are drawn darker for clarity.

in [Ni((i-Butyl),PS;),(4-NH,Py),] complex: the
bulky iso-butyl substituents are not fixed in the
equatorial plane but instead they direct toward the
axial 4-aminopyridine ligand, the complex pack-
ing in a dense, solvent-free form.®3-% In another
recently reported complex, a bulky axial ligand
itself fills out the pocket and the complex forms a
solvent-free crystal.®” Another factor affecting the
geometry of the [M(DBM),;A;] molecule is the
nature of metal center. The replacement of Ni(II)
with Zn(Il) and Cd(Il) in the trans-configured
complexes led to cis-complexes devoid of the
clathratogenic function.’® ¢!

Clathrates of [ML,A;] complexes based
on a planar bis-chelate ML, platform have
been reported with benzoylacetonate,® hex-
afluoroacetylacetonate,®  2-formylphenolate,’®
2-acylaminopyridine,”!  4-imidazolylacetate,’”
enaminoketone,’”>  N-pivaloylbenzamidinate,’*
carbamoylpyrazole,”® 2-pyridyltriazole,’® dipyri-
dyltriazole,”’ 2-pyridyloximate,’® 2-quinolylace-

tate,”  oxyphenylindol,?®  4-methylbenzoyl-
hydrazonate®' and other bidentate L-ligands.
Finally, clathrates of [MLA;] complexes with
tetradentate L-ligands such as Schiff bases have
been reported.>~%

Dimeric metal carboxylate-bridged complexes

Complexes of this type (Fig. 7) are based
on a dimeric metal carboxylate unit, one of most
frequently used in crystal engineering building el-
ements. The unit itself is very stable and, with typ-
ically used M(II) centers, electrically neutral. Two
additional coordination sites out of the main core
make it possible to create a humming-top shape
with two ligands A. These ligands may be easily
replaced in order to modify the host molecule. In-
terestingly, the replacement may be accomplished
even within a microporous solid phase, with the
pores serving as transport channels for the reactant
and product.®
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Fig. 7. Complex based on a dimeric metal carboxylate unit.

This structure was reported by Kristians-
son & Tergenius;® it comprises discrete host
complexes with Cu(Il) p-nitrobenzoate and wa-
ter or alcohol molecules as additional ligands.
The structure possesses channel-shape open cav-
ity space with roughly 6 x 8 A cross-section of the
pores. A reversible sorption was demonstrated for
a series of guest molecules, from high-polar water
to non-polar benzene, with the porous structure
being stable to the guest exchange and removal.
The authors argue that other previously reported
structures®’ ™’ might reveal similar sorption
behavior.

Complexes of the type shown in
Fig. 7 frequently form inclusion compounds.
The host complexes with various metal
centers were reported, including Cu(II),”’~%
Ni(H),97_99 FC(H),IOO’ 101 MH(H),IOZ CI‘(H),](B’ 104
Rh(H),lOS_lm RU(H), 108,109 RU(H)/RLI(IH), 109—111
Mo(I),'"? Re(ID!'"® and W(I).''"* The com-
plexes of Cr(II) and the following are additionally
stabilized by a metal-metal chemical bond.

Complexes with porphyrins and other
macrocyclic ligands

Rigid macrocyclic ligands represent a family
of platforms of various composition and a great
potential for modification. Some complex units
formed by the coordination of deprotonated lig-
ands to a metal cation are shown in Fig. 8. The
rigidity of the units is supported by the aromatic-
ity of the ligands. The diversification is possi-
ble through the addition of substituents on the

(a) O

(c) (d)

Fig. 8. Complex units comprising deprotonated macrocyclic
ligands: metal(II) porphyrinate (a), metal(II) phthalocyan-
inate (b), metal(Ill) corrolate (c) and metal(Il) 1,4,8,11-
tetraaza(14)annulenate (d). All shown units are electrically
neutral, quite rigid and planar (the annulenates may have a
concave geometry).

outer rim. The planar complex units are very sta-
ble while two additional coordination sites on the
metal center make it possible to attach a variety of
axial ligands to create host molecules of a desired
shape.

Various porphyrins form complexes which
have the humming-top geometry and produce
clathrates. Here only few examples will be men-
tioned for illustrative purposes. All three com-
plexes of Fe(Il) tetramesitylporphyrinate (out of
seven), with 4-methyl-, 3- and 4-cyano-pyridines,
whose crystal structures were studied had guest
solvent molecules included.'!> Four complexes of
a nickel(Il) porphyrinate containing twelve sub-
stituents (including ethyl- and nitro-groups) and
azole-type axial ligands were isolated in form of
crystalline clathrates.!'¢ Although only one struc-
ture comprised complexes not interacting with
each other by H-bonds, some factors such as
the presence of guest molecules in all four crys-
tals with a similar host to guest stoichiometry
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indicate the molecular geometry as a main con-
tributor to the clathration affinity of the com-
plexes. In a series of substituted Fe(Ill) porphyri-
nates (including one phthalocyaninate) with im-
idazole and pyridine axial ligands, one to four
moles of guest solvent were found along with an-
ion in all eight crystal structures studied.'”

Approximately 40% of mononuclear octahe-
dral complexes containing phthalocyanines found
in Cambridge Structural Database''® contain sol-
vent molecules in the crystal structure. Some of
the guest-free complexes exhibit self-inclusion
(see discussion in the previous subsection) and
many of them have monoatomic axial ligands
and, therefore, their humming-top geometry is
incomplete. Corroles'! is a new class of lig-
ands related to porphyrins; examples of clathrates
based on humming-top metal(IIl) corrolates are
already available.'?"!?2 Finally, clathrates of
octahedral complexes based on tetraazaannule-
nates'23~12% and their non-aromatic analogs (e.g.
cyclams)!'?’~13% are known.

Wheel-and-axle geometries
Toda’s host molecules

In 1968 Toda and Akagi reported'?! on host
properties of tetraphenyldiols 2 and 3 (Fig. 9).
These molecules formed crystalline clathrates
with various organic guests: ketones, aldehydes,
esters, ethers, amides, amines, nitriles, sulphox-
ides and sulphides. Diols of this type have become
a subject of extensive studies and proved to be ver-
satile hosts.!3?7 13 However, the capability of 1-3
to form hydrogen bonds made the role of the host
molecular shape ambiguous. The comparison of
clathration affinity of hydrocarbons 4-6 and diols
1-3 (Fig. 9) proved that the remarkable clathrato-
genic properties are inherent in the both types
and so the wheel-and-axle molecular geometry
is a decisive factor.'8" 133 In particular, clathrates
1*0.5(p-Xylene) and 4*0.5(p-Xylyne) were found
to be isostructural.!®> A series of diols similar to
1-3 with 9-fluorenyls instead of biphenylmethy-
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1 R=OH;n=0 4 R=H;n=0
2 R=OH;n=1 5 R=H;n=1
3 R=OH;n=2 6 R=H;n=2

Fig. 9. Toda’s host molecules.

lene fragments was also utilized extensively as
host molecules. 36137

Hart and coworkers'?® studied a series of
similar host molecules with triaryl ends and
were able to isolate at least one clathrate
(and up to five) for each host. In particular,
Ar;CC = C-C=CCAr; host molecules with all
four Ars combinations of phenyl and p-biphenyl
enclathrated guest chloroform or aromatics. Sim-
ilar structure and clathratogenic properties were
reported for bis-triphenylsilane oxide, Ph3Si-O-
SiPhs (the Si—O-Si fragment is linear).!3%- 140 It is
interesting to note that all these molecules com-
bine two connected trifoil moieties (cf. Fig. 1b).

8

Further developments on organic molecules

The modification of the ends was performed
in several ways of which one has to be men-
tioned. The shape of Toda’s and Hart’s molecules
may be roughly approximated as two cones con-
nected by a rod (Fig. 2¢). The introduction of
adamantyl ends resulted in so-called dumb-bell-
shaped hosts (cf. Fig. 2d).'*! Other bulky groups
used successfully for this type of modification in-
cluded camphor,'**> borneol, fenchol,'*? triptycyl
(Fig. 1¢),">'13® an organometallic group contain-
ing cobalt'** and a galactopyranose derivative.'*’
With only few such attempts known, the strat-
egy appears to be very useful and connecting big-
ger sphere-like molecules like fullerenes'* could
produce novel host entities.
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Fig. 10. Thiophene groups used as spacers in the design of
wheel-and-axle host molecules.!32:153

The modification of the axle proved to be
fruitful as well. In order to connect two triph-
enylmethyl ends, Sengupta and coworkers'4” used
spacers composed of acetylene and phenylene
fragments, while Guo and coauthors'*:1%° used
hydroquinone substituted in positions 2 and 6.
Weber and coworkers introduced biphenylene
spacers. 5% 131 Hurt and coworkers'® used a num-
ber of hydrocarbon, N- and O-containing groups
to connect the ends and demonstrated that the non-
linear and flexible spacers support well the desired
wheel-and-axle geometry and its clathratogenic
function. Kobayashi’s group incorporated a se-
ries of condensed polythiophenes (Fig. 10) in the
host molecule and found that the host:guest stoi-
chiometry in the resulting clathrates is related to
the number (odd or even) of the thiophene rings
in the spacer.!”>!>3 Ng and Hart"* used N,N’-
substituted ureas, diamides, diamines and related
molecules imitating the wheel-and-axle geometry
and with 24 host compounds, out of 38 tested,
were able to isolate clathrates. A wide range of
guest solvents was utilized and the selectivity of
inclusion was demonstrated.

Assembled host associates

A suitable host geometry may be accom-
plished not only in a single molecule but in an

associate of two or more molecules linked to each
other with non-covalent bonds. In many cases the
geometry of such associates may be predicted and
planned, and the self-assembly of the new host
entities occurs simultaneously with the formation
of inclusion compounds. Some examples of such
associates are shown in Fig. 11.

The complex of triphenylsilylacetylene and
triphenylphosphineoxide (Fig. 11a) was iso-
lated as a solvent-free crystalline solid but the
presence of four crystallographically indepen-
dent associates in the unit cell indicate pack-
ing problems and imply the potential of the
complex to act as a host.!> The dimer of 4-
tritylbenzoic acid (Fig. 11b) persistently forms in
the solid phase and acts as a versatile host.!3% 157
Tris(benzo[b]thienyl)methanol is a trifoil-type
host molecule with a hydroxy-group; in one of
its clathrates with acetonitrile, a supramolecu-
lar associate (Fig. 11c) was observed where the
acetonitrile molecule functions as both the con-
nector and a guest.!>® Finally, two molecules
of triphenylphosphineoxide assembly with two
molecules of water to form a host associate
(Fig. 11d) observed in the inclusion compound
of the host with tetrachloropyrocatechin.'>

Metal-organic molecules

The use of metal centers and coordination
bonds opens new opportunities in the design of
wheel-and-axle host molecules. The metal centers
make it possible to create a wider set of geome-
tries than carbon, such as square-planar and oc-
tahedral geometries. The coordination bonds are
thermodynamically as strong as covalent bonds
but kinetically they are more labile; therefore,
metal-organic molecules may be easier synthe-
sized, modified, and repeatedly assembled and
disassembled under controlled conditions. In ad-
dition, the presence of coordination sites makes
it possible to incorporate further functionalities
in the porous materials to create catalysts, ion
exchangers and so on.

Two types of wheel-and-axle metal-organic
molecules may be distinguished. In the first type,
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Fig. 11. Hydrogen bonding associates imitating wheel-and-axle host molecules: two complementary
molecules (a),'> two identical self-complementary molecules (b),'>®'>7 two molecules connected
through a third molecule (c),'*® two molecules connected through two other (water) molecules (d).'>

a metal center is incorporated in the end groups.
The end group may be a bulky complex or plat-
form (such as shown in Fig. 8); a vacant coordi-
nation site is used for connecting two end groups
through a bridging ditopic ligand (spacer). In the
second type, metal centers is an essential part of
the spacer, with their trans-directed coordination
sites used to connect end groups.

One complex of the first type comprises
two bis(2,2’-bipyridyl)copper(Il) units connected
by carbonate, the Cu(Il) atom coordinated by
five atoms, four N and one 0. The Cu---Cu
separation is 5.3 A; the host molecule void
space (between the two end groups) is partially
filled with end groups of adjacent complexes and
partially with hexafluorophosphate anions. The
residual cavities arising in the crystal packing
are filled with guest dimethylformamide species.
Other reported cationic host species comprised
bulky end groups containing Ni(Il),'¢! Cu(II)'®*
and connected by aromatic dicarboxylate ligands,
with anions and neutral organic molecules act-
ing as guests. A similar neutral complex with
Ru(Il)/Ru(Ill) was reported as a clathrate with
benzene.'®®> One cationic'®* and one neutral'®
host species had oxalate ligand as a spacer, while
the end groups were represented by Zn(II) cyclam

(tetraazacyclotetradecane) platforms and Fe(III)
bis(acetylacetonate) units, respectively. Interest-
ingly, the latter host complex was isolated in both
solvated and guest-free crystalline forms which
displayed basically the same structure but the in-
sertion of the guest 1,2-dichloroethane resulted
in >25% expansion of the crystal in one di-
mension.'% Two cationic host species with Pt(II)
and bipyridyl ligands were reported as clathrates
containing, along with counter-anions, methy-
lene chloride/water and acetone.'®® Two neu-
tral complexes with bulky end groups containing
Rh(IIT) and Co(I1T)/Rh(III) and connected by flex-
ible spacers (S,S - and N,S-ligands, respectively;
metal- - -metal separation ~ 8 A) were reported
as clathrates with chloroform and acetone.'®’” A
series of cationic and neutral Ru(Il) organometal-
lic compounds containing Ru—C =C-C=C-Ru
and Ru=C = C-C =C=Ru cores, respectively,
were reported to form clathrates with acetone,
methylene chloride and hexane.'®® Finally, one
more complex of this kind displayed a separation
of >20 A between metal centers in the fragment
Ru—(C=C);—Ru and contained seven moles of
guest benzene.'®

Goldberg and coauthors used a series of
nine rigid and flexible bidentate ligands to
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Fig. 12. A fragment of crystal packing in [Zn,(TPP),
(bipy)]*4(nitrobenzene) (TPP is tetraphenylporphyrin; bipy
is 4,4'-bipyridyl).!”® Guest molecules are outlined in sticks-
and-balls. Note that the host intramolecular spaces are par-
tially filled with platforms of adjacent host molecules and
with guest molecules of type A. Guest molecules of type B
reside in cavities located outside the host molecules.

connect metal(II) (Mn, Co, Zn) tetraarylporphyri-
nate platforms.!”?-!7! The resulting dimeric com-
plexes displayed metal . .. metal separation from
820 A and all produced inclusion compounds
with organic solvents (11 structures with nitroben-
zene and chloroform as guests were reported).
A common feature of these structures is a par-
allel alignment and interdigitation of the host
molecules. Guest species accommodate the resid-
ual voids of the crystal lattice; the voids may be
composed of intramolecular spaces between the
platforms or may not (Fig. 12). Similar work was
reported by Litvinov and coworkers.'’”> An exam-
ple of analogous host complex with phthalocyan-
inate platforms is also available.!”3

Some complexes of the second type are
shown in Fig. 13. All these molecules or ions
were found to act as host species in inclu-

7 th(OH)C—G\I—Ag—h@—C(OH)PhZ
Gl

8 Ph,C—Pd—CPh,

cl
H,C_ €l PPhAr
NP
9 P Py
/SN
ArPh,P” Cl  CH,

10 Ph,C-Au—=—Au-CPh,

11 (n=1)
12 (n=2) Cy3P-Au—(—)—= - Au-PCy,
13 (n=3)
14 Cyf—AuAu—PCy3
15 Ar,P-Au—==—(C,H,,B,)—==—Au-PAr,
Tth cp*
/
16 Ph,P— u*HgﬁTu_Pth
Cp Ph,P

Fig. 13. Wheel-and-axle host molecules with metal centers
incorporated into the spacer (Ph =phenyl; Ar=aryl; Cy =
cyclohexyl; C,H;oB;¢ = 1,12-dicarbadodecaborane(10);
Cp* = pentamethylcyclopentadienyl).

sion compounds with various organic guest sol-
vents. The cation 7'7* is based on Ag(l) center
with approximately linear coordination of two N-
containing ligands with bulky ends. Neutral com-
plex 8!7° is an example of host molecules based
on square-planar coordination geometry of Pd(II).
Two trans-situated chloride anionic ligands leave
the other two trans-positioned coordination sites
to bulky organic groups acting as ends. Other re-
ported host complexes of this type were based
on PdCl,,!76~180 pPd(CH3)CIl, Pd(CH3COO0),,'s°
Pdl,, '8! Pd(CN),,!8? PtCl,,'8? PtHBr!®* and other
trans-“junctions”. One of Pd(II) complexes was
reported to form a clathrate with seven guest
chloroform molecules per one host unit.'®
Complex 9 exemplifies another way of creating
the wheel-and-axle geometry, with two Pd(II) cen-
ters linked by two bridging chlorides.'®® Com-
plexes 10-15 illustrate the use of Au(l) linear
connector for building and lengthening the rods,
with the separation between the junction atoms
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of the end trityl groups varying from 10 to 21 A.
The complex 10 was isolated as 1:2 (host:guest)
clathrate with benzene, while its analog with 3-
methylphenyls was obtained both as 1:1 clathrate
with benzene and as a guest-free form. Remark-
ably, all three crystals were isomorphous indi-
cating that the host matrix retains both after the
removal of guest and after the modification of the
host molecule.'®” The complexes 11, 12,'88 13,18
14'° and 15'°! demonstrate the lengthening strat-
egy through the introduction of additional rigid
fragments into the central bridging ligand. Com-
plex 16'? illustrates the use of Hg(II) cation; the
complex has metal centers not only within the
spacer but also within the end groups and may be
assigned to both types.

Ladder-and-platform geometries

Increasing dimensionality of host
species in soft materials

Clathratogenic potential of a host compo-
nent and stability of the host framework can be
enhanced by increasing the dimensionality of the
host molecules. Restricting freedom of the host
units by connecting them together disfavours the
attainment of dense structures and increases the
probability of porous architectures. Stability of
the porous architectures may increase either on
thermodynamic or Kinetic reasons, due to non-
existence of more stable dense form or due to a
significant kinetic barrier for the collapse of the
porous structure which would require the break of
some chemical bonds. At the same time, in order
to keep the remarkable properties of soft materi-
als, it is important to keep van der Waals and other
weak interactions dominating in some directions
in the solid phase.!™ Therefore, oligomeric and
low-dimensional polymeric molecules seem to be
optimum.

Oligomeric and polymeric structures

Successive construction of monomeric,
oligomeric and polymeric host molecules is

Soldatov
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Fig. 14. Assembly of monomeric (17), oligomeric (18,19)
and polymeric (20) host molecules from metal dibenzoyl-
methanates and pyridyl-type ligands.'”

illustrated in Fig. 14.'® The coordination of
two dibenzoylmethanate (DBM) units and two
pyridines to a metal center produces a humming-
top geometry 17 and the molecules of this type
were described in the section Modified metal
dibenzoylmethanates and other chelates. Con-
necting two dibezoylmethanate units with 4,4'-
bipyridyl produces a dimeric complex with wheel-
and-axle geometry 18, with the metal atoms
five-'3 or six-coordinated'®* (the latter situa-
tion requires additional terminal ligands). The
trimeric complex 19 has one middle platform and
two bulky end groups separated by rigid 4,4'-
bipyridyl spacers. Such a complex was isolated
as a clathrate with dimethylsulfoxide with 1:5
host to guest ratio.'”> The guest dimethylsulfox-
ide molecules were found in the intramolecu-
lar spaces that were also partially occupied with
end groups of adjacent trimers aligned parallel
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Fig. 15. Crystal structure of [Zn;(DBM)g(bipy),]*5(dimethylsulfoxide).'*> The
location of guest molecules in the intramolecular spaces of the host trimer (a) and
a fragment of crystal packing showing interdigitating host trimers (b).

(Fig. 15). Further expansion leads to a polymeric
complex 20'%1% with a geometry known as
“ladder-and-platform,” “shish-kebab,” or “multi-
decker” architecture.

Synthetic approaches to the step-by-step as-
sembly of ladder-and-platform molecules were
reported and discussed.'??: 197201 In some cases
a desired oligomer may be prepared using cer-
tain ratios of reagents and the template effect of a
guest solvent. In other cases the product is a mix-
ture of oligomers. There still have been very few
communications where the isolation and clathra-
tion ability of more than two host molecules dif-
fering in the degree of polymerization were de-
scribed. '3 198

Examples of reported trimeric host
molecules include a complex with three Zn(II)
tetraphenylporphyrinate  platforms connected

with 4,4'-bipyridyl spacers,'”® complex with

three Mn(IIl) tetraphenylporphyrinate platforms
connected with bridging formate anions,’*> com-
plex cations with Mo(V) tetraphenylporphyrinate
platforms linked with oxo-anions’”* and with
Cu(I) cyclam platforms linked with bridging
chlorides.’* One more trimeric host complex
contains a central Si(IV) phthalocyaninate
unit connected with two Zn(Il) porphyrinate
platforms through 4-pyridinolate bridges.?%
Trimeric?**2% and tetrameric?’’—2%° cationic
complexes were reported with oxo-anions
acting as linkers and platforms based either
on complexes of tetradentate Schiff bases with
rhenium,?% titanium,?”’ vanadium?*® metal
cations or on terpyridine-uranium(IV) units.?%
Complexes with a central platform and bulky end
groups, similar to 19 (Figs. 14 and 15),'%* were
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I

Fig. 16. Schematic representations of coordination poly-
mer 20 (see Fig. 14) (a) and crystal packing in [M(DBM),
(bipy)],*2(chlorobenzene) (M = Zn, Ni).'”> Guest molecules
are drawn as white ellipsoids.

reported with a central porphyrinate platform
and bulky Cu(Il) complex units®'® and with a
cyclam platform (similar to shown in Fig. 8d)
and end triphenylborate groups,?!! with cyanides
acting as linkers in both complexes. Finally,
a complex with di-rhodium tetracarboxylate
central unit and organoruthenium end groups?'?
and a cationic host complex with tetrapyridine
central platform (similar to shown in Fig. 3a) and
end bulky ruthenium complexes attached through
cyanides®'® were reported.

Typical crystal packing of polymeric host
molecules is shown schematically in Fig. 16.!%
The molecules align parallel and interdigitate.
This mode of packing leaves a significant amount
of cavity space in the structure available for guest
molecules. The complex [Ni(DBM),(bipy)], be-
haves as a universal sorbent material absorbing
gases and organic solvents. The inclusion of some
guests follows Type I isotherm and occurs practi-
cally without a host structure change indicating
the presence of permanently available microp-
ores in the material which thus can be classi-
fied as organic zeolite. The inclusion of other
guests causes structural reorganization; eight new
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crystal structures were observed with 11 tested
guest solvents. Presumably, the main features
such as the parallel alignment and interdigita-
tion of the host molecules are retained in all
these structures, but slight packing and confor-
mational changes take place and they are indi-
vidual nearly for every new guest. The changes
are visible due to a noticeable color change
accompanying the inclusion process.'”> A re-
versible sorption without changing the porous
crystalline form was reported for another poly-
mer with bis-chelate platforms. The crystal struc-
ture of an inclusion compound of the polymer
[Ni(butylxanthate), (bipy)],*2n(CCly) reveals a
similar parallel alignment of the host polymeric
chains and channels stretching approximately per-
pendicular to the chain direction.'*

The inclusion ability of ladder-and-platform
polymers depends on the size of the platform.
Coordination polymers with smaller platforms
based on acetylacetonate,?'>-2! hexafluoroacety-
lacetonate®!” and picrate®'® connected with 4,4’-
bipyridyl reveal a typical parallel arrangement of
polymeric molecules but form guest-free crystals.
In contrast, those with bigger platforms, based
upon thenoyltrifluoroacetonate?'?-?2° and afore-
mentioned dibenzoylmethanate,'*>~!% entrap up
to two moles of guest.

Another group of coordination polymers
comprises complexes with macrocyclic ligands.
Cyclam platforms bridged by hydrogen sul-
fide and cloride anions were utilized in a se-
ries of clathrates comprising both counter-anions
and neutral guest molecules included in the
crystal lattice.””! Neutral polymeric molecules
with porphyrinate platforms connected with di-
ammine'’???? and dicyano ligangs®?*:?** were
found to entrap guest solvents. At least one poly-
meric host with phthalocyaninate platforms was
reported.??>

A fair number of electrically neutral ladder-
and-platform-type polymers with “shish-kebab”
shape were constructed using the dimeric
metal carboxylate unit (cf. Fig. 7). The units
were based on Cu(Il),?6723  Mo(II),>3*2?%
Ru(ID)/Ru(Ill)**%2*7 and Rh(D)***~?** methyl-
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Fig. 17. Binuclear (a) and trinuclear (b) platforms formed
by the assembly of metal cations M with two isomers of
bis(B-diketonate)phenylene acting as ditopic ligands.

’228—231 ,235,237,239 triﬂuoromethyl—,234’ 238,240

phenyl-227:232,233.236.241=244  anq  pentafiuoro-
®  Bipyridyl-type lig-
ands, 229—233.235.243 pyrazine, 27232, 241,242,244
1,4-dioxane®*® and other bidentate ligands
were used as spacers. Some of these polymers
displayed a zig-zag structure, with the platforms
being not parallel to each other.??8:229:233,240
Various organic solvents and some gases (CO,,
232,242 N,0,%*! 0, ***) were included as guest
molecules in these solids.

Takamizawa and coworkers®* studied the
properties of 1D complex [Rh!, (phenylcarboxy-
late)4(pyrazine)], and found that the crystalline
polymer reveals a dense packing without sol-
vent molecules included or cavity space available.
Nevertheless, the material behaves as a microp-
orous sorbent with Type I sorption isotherm and
the micropore volume of 0.16 cm?/g (sorption of
N,). Presumably, a very low gate pressure of the
guest induces a structural change in the material
that makes it microporous.

phenyl-carboxylates.?

Finally, supramolecular 1D polymers were
reported formed as chains of H-bonded humming-
top molecules [M(DBM);(isonicotinamide);]
(M = Co(II), Ni(I)).>*® The new hosts produced
clathrates with a range of guest solvents.

Binuclear and polynuclear platforms

The increase of the pore size, capacity
and stability of porous architectures based upon
ladder-and-platform molecular geometries may
be achieved through the increasing size and
nuclearity of the platform. Examples of such
platforms are shown in Fig. 17. The assembly
of two metal(Il) cations M and two 1,3-bis(f-
diketonate)phenylene ligands (each bearing the
charge of 2-) produces a neutral binuclear com-
plex with a flat shape (Fig. 17a).>*” This unit may
be incorporated in a further geometry due to apical
coordination sites on the metal cations (Fig. 18).
The combination of the platform (Fig. 18c), ter-
minal (Fig. 18a) and bridging (Fig. 18b) ligands
may produce a double humming-top molecule
(Fig. 18d), staircase-type 1D polymer (Fig. 18e)
or double-strand 1D polymer with ladder-and-
platform architecture (Fig. 18f). The latter geom-
etry is more stable and robust than the geometry

Fig. 18. Design of molecular geometries using binuclear plat-
forms: terminal ligand (a), bridging ligand as a spacer (b),
binuclear platform (c), double humming-top geometry (d),
staircase geometry (e), double-strand ladder-and-platform
geometry (f).
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shown in Fig. 16a: the platforms are doubly linked
to each other and fixed (cannot rotate). Besides,
the intramolecular spaces are bigger that should
increase the amount of cavity space in a potential
porous material. At the same time, the resulting
host materials will remain “soft” due to van der
Waals type of packing of the polymeric molecules
in a crystal. Another, 1,4-isomer of the ligand pro-
duces trinuclear platforms (Fig. 17b) that can be
utilized in a similar way.*® This example illus-
trates how the geometry and nuclearity of plat-
forms are programmed on molecular level in the
building units utilized in their design.

Reported clathrates with double humming-
top complexes (Fig. 18d) were based on tetraden-
tate bis(B-diketonates) (up to four molecules of
guest per one host complex),>**~2! similar O,S-
ligands,>>725 tetradentate N-ligands (cationic
complexes),”>* octadentate N-ligand (anionic
complex),255 tridentate N,O—ligand,256 macro-
cyclic hexadentate N,O-ligand (cationic com-
plexes with different metal centers in a single plat-
form)>7-2>% and a combination of ligands form-
ing the platform.>”:2°C Few reported clathrates
were based on humming-top complexes with trin-
uclear®®®2617264 and tetranuclear’® platforms.
Several reported complexes comprise two binu-
clear platforms linked with two spacers.?66—26
A series of three complexes with complex units
based on metal clusters connected by two spacers
of variable length presents another illustration of
the design strategy.>””

Both staircase (Fig. 18e)*®! and double-
strand ladder-and-platform?*7-271=275 (Fig. 18f)
host 1D polymers were reported. Two examples of
ladder-and-platform complexes are presented in
Fig. 19. In [Cd;(saccharinate)sL3],*2n(CH,Cl,)
(21) (L = 1,4-bis(4-pyridyl)-2,3-diaza-1,3-
butadiene),?’* each Cd(II) cation has a trigonal
bipyramidal environment of five nitrogen
atoms, two from saccharinate anions and one
from L in the equatorial plane and two from
two L coordinated axially. Therefore, the L
ligand both takes part in the formation of the
platform and acts as a spacer. In [Zn;(1,3-bis(8-
diketonate)phenylene), (bipy), ], *4n(dimethyl-
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Fig. 19. Fragments of the crystal structures of 21 (a) and 22
(b). A section of double-strand host molecule and adjacent
guest species are shown for each structure.

sulfoxide) (22),>*” each Zn(II) cation has an
octahedral coordination, of four oxygen atoms
from two bis(B-diketonates) in the equatorial
plane (see Fig. 17a) and two nitrogen atoms from
two 4,4’-bipyridyl ligands coordinated axially.
The separation between the platforms is ca. 16
and 11.5 A in 21 and 22, respectively. In both
structures, the polymeric molecules reveal a
parallel alignment and interdigitation (Fig. 20).
The packing in 21 is more efficient because
the polymeric chains interdigitate sharing their
wider sides; (Fig. 20a) the residual cavity space
between every two adjacent platforms is filled
with two guest molecules. The packing in 22
is less efficient, more cavity space is available,
(Fig. 20b) and four guest molecules occupy the
space between every two adjacent platforms.
Very recently, a triple-strand ladder-and-
platform host architecture was reported which
forms a significant amount of cavity space in
the crystal structure.?’® Finally, coplanarly-linked

metal porphyrinates'®7->77=27 is a useful element
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(a)

(b)

Fig. 20. Schematic representation of crystal packing in 21 (a) and 22 (b). Guest
molecules are drawn as white ellipsoids

for creating polymeric ladder-and-platform ge-
ometries. The linking options vary from covalent
to coordination and hydrogen bonds.

Conclusion

This review considers one type of molecular
geometries that generate porosity in crystalline
solids. A broader picture would require addressing
to other sources illustrating such geometries and
approaches.3:0:7+18:22,197.277,278,280-288 oy ever,
the purpose of this writing is to demonstrate the
realization and use of some general principles of
molecular geometry and crystal packing in the
design of novel soft materials. In particular, the
design of oligomeric and low-dimensional poly-
meric host entities seems to be a very promising
strategy that is readily applied to metal-organic
molecules. Apparently, this strategy may be em-
ployed not only in the design of crystalline solids
but also for porous materials with no or low
crystallinity. Another advantage of metal-organic
hosts is the presence of metal centers that may
form active sites providing materials with a de-
sired functionality.

An important direction of future studies
should be the elucidation of sorbent and other
properties and functionalities in the materials.
Many materials mentioned in this review were
not tested for such properties and their fundamen-
tal characteristics (stability, robustness, clathrato-
genic affinity and guest preferences, reversibility
of inclusion and so on) and ability to function in
practically useful processes (physical and chemi-
cal sorption, catalysis, ion or molecular exchange,
chemical reactions and so on) remain unknown.
Hopefully, the supramolecular approach demon-
strated in this paper will be successfully combined
with the knowledge and methodology of materials
chemistry.
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